Ascorbic acid (ascorbate, Vitamin C) is an indispensable metabolite essential for survival. 51
Ascorbate cannot be synthesized in humans due to a loss of functional gulonolactone oxidase 52 (EC 1.1.3.8), but is synthesized in murine species, such as mouse and rat (Padayatty et al. 53 2003; Nishikimi et al. 1988 ). The kidney is a central organ for ascorbic acid homeostasis. 54
Slc23a1 plays a key role in ascorbate homeostasis and pharmacokinetics, as demonstrated by 55 the facts that Slc23a1 -/-knockout mice have very high urinary losses leading to low systemic 56 concentrations (Corpe et al. 2010) . Slc23a1 is known to mediate ascorbic acid uptake into 57 epithelial cells of the small intestine, liver and kidney (Boyer et al. 2005; Lee et al. 2006; Luo 58 et al. 2008; Maulen et al. 2003; Varma et al. 2008) , and is also expressed in some epithelia of 59 the reproductive system and the brain (Tsukaguchi et al. 1999 ). Slc23a1 transports ascorbic 60 acid with comparatively low affinity (K m ≈250 µM) but high capacity, reflecting its role in 61 intestinal absorption and renal re-absorption (Daruwala et al. 1999; Tsukaguchi et al. 1999) . 62
Compared to wildtype controls, the Slc23a1 -/-mouse has up to an 18-fold increase in 63 fractional ascorbate excretion. The consequence is that ascorbate renal reabsorption is lost, 64 resulting in low plasma and tissue concentrations and high perinatal loss of offspring (Corpe 65 et al. 2010) . 66 A second ascorbic acid transporter, Slc23a2, is found in almost all cell types, mediates 67 ascorbic acid transport across cell membranes with high affinity (K m 15 µM), and requires 68 cations (Na + , Ca 2+ , or Mg 2+ ) for optimal activity (Daruwala et al. 1999; Godoy et al. 2007; 69 Tsukaguchi et al. 1999) . The global elimination of Slc23a2 results in undetectable ascorbate 70 tissue concentrations, and Slc23a2 -/-mice died within minutes of birth (Sotiriou et al. 2002) . 71
Due to its expression in a wide range of tissues it is generally accepted that Slc23a2 is 72 responsible for ascorbate tissue accumulation needed for survival (Sotiriou et al. 2002 ice and stored at -70°C. Serial sections of 10 µm thickness were cut at -15°C and thaw-88 mounted onto poly-L-lysine-coated slides for in situ hybridization or immunohistochemistry. 89
Probes Hybridization and Visualization: The human SLC23A1 and SLC23A2 complete 90 coding sequences subcloned into pGEM ® -T Easy Vectors (Promega) were used to prepare 91 RNA probes for in situ hybridizations (Daruwala et al. 1999) . The synthesis of 35 S-labeled 92 cRNA probes, and the hybridization and visualization procedures have been previously 93 described in detail (Bondy et al. 1993 Amplification products were confirmed by gel electrophoresis and compared to known DNA 147 standards for estimation of the fragment size. The relative intensity of each PCR product 148 band on the ethidium bromide gel was assessed by optical density. The identities of the PCR 149 products were confirmed by sequencing using the dideoxynucleotide chain termination 150 method on an automatic sequencer (ABI PRISM 377, Perkin Elmer, Foster City, CA) using 151 the manufacturer's supplies. Sequence data were analyzed using Sequencher 4.1 (Genes 152
Codes Corporation, Ann Arbor, MI). 153
Renal gene expression analysis in the developing mouse 154
We re-analyzed the entire kidney development dataset generated with Affymetrix MOE430 155 version 2 microarray, which is available for the GenitoUrinary Development Molecular Earliest embryonic Slc23a1 expression can be detected 14 days post conception in the 174 developing kidney ( Figure 1A ) and emerging gene expression is confirmed in the developing 175 early proximal tubule at embryonic day E15.5 ( Figures 1B, 1D) . Slc23a1 is not expressed in 176 the precursors of the early proximal tubule, such as the capping mesenchymal, renal vesicle, 177 and S-shaped body ( Figure 1D ). The nephron is derived from capping mesenchymal cells, 178 which undergo a mesenchymal-to-epithelial transition to form the renal vesicle. The cells of 179 the renal vesicle differentiate, elongate, and convolute to form an S-shaped body, from which 180 the glomerulus, proximal tube, loop of Henle and distal tubule are derived. 181
In the late stage embryo, at day 18 post conception, the Slc23a1 transcript is strongly 182 expressed in the maturing renal cortex, and outside the kidney significant expression can be 183 confirmed in the small intestinal loops and the liver ( Figure 1C ). The proximal tubule is the 184 only renal anatomic compartment where Slc23a1 is expressed in significant amounts in late 185 embryos, starting at day 14 ( Figure 1A ) and clearly distinguishable from all other parts of the 186 nephron at day 15.5 ( Figure 2A ). This expression pattern remains stable in the juvenile and 187 adult kidney ( Figures 2B, 2C, 2D) . In situ hybridizations of the adult murine kidney shows 188 the Slc23a1 message in a ray-like pattern beginning at the border of the outer medulla and 189 extending into the renal cortex ( Figure 2D ), consistent with a typical proximal tubule 190 anatomic distribution (Chin et al. 1997) . This spatial distribution is confirmed by the more 191 sensitive and detailed dark field micrography ( Figures 3A, 3B Slc23a2 mRNA is uniformly expressed throughout the murine late stage embryonic body 196 without signs of defined organ specific patterns (Figures 4A, 4B ) and it does not show a 197 distinct distribution in the adult kidney ( Figure 4C, 4D, 4E) . In renal microdissected segments 198
Slc23a2 is found in moderate levels, in a relative uniform distribution ( Figure 4F ), except that 199 levels are close to the detection limit in the proximal convoluted and straight tubule. This 200 likely indicates a lack of expression in the proximal convoluted and straight tubules, where 201
Slc23a1 is expressed. Highest Slc23a2 expression is located in the inner medullary collecting 202 duct, indicating expression by stromal fibroblasts (Chin et al. 1997) . such as the capping mesenchyme surrounding the ureteric bud, which gives rise to the renal 226 vesicle. The renal vesicle then elongates and convolutes to form the S-shaped body, which 227 subsequently gives rise to the glomerulus, proximal tubule, loop of Henle, and distal tubule 228 (Brunskill et al. 2009 ). Slc23a1 is not expressed in the ureteric bud derivatives, forming the 229 D r a f t tip and non-tip sections in the cortex, and the medullary region, to shape the collecting duct 230 system. Expression is also absent in the cortical and medullary interstitium or stroma. 231
The key role of the ascorbic acid uptake protein Slc23a1 in the maintenance of 232 systemic vitamin C levels was revealed through Slc23a1 -/-mice (Corpe et al. 2010) . For 233 example, female Slc23a1 -/-mice had an 18 fold increase in fractional excretion of ascorbate 234 in the kidney, and a 70% decrease in circulating vitamin C concentrations compared to 235
wildtypes. This strongly indicated that Slc23a1 is the only ascorbic acid uptake protein on the 236 apical side of the renal proximal epithelial cell (Corpe et al. 2010; Eck et al. 2013) . However, 237 these functional data on the Slc23a1 -/-mouse did not rule out the possible disruption of proper 238 kidney development as a contributing factor to renal ascorbic acid losses. The temporal and 239 spatial expression patterns described above clearly identify Slc23a1's sole function in the 240 cellular transport of ascorbic acid, ruling out a function in development, cell adhesion and 241 cell-cell communication (Brunskill et al. 2009 ). We therefore rule out a role as an "anlage in 242 statu nascendi" gene, which would be important in the formation of a structure by showing 243 earlier expression in the anlage (Brunskill et al. 2009 In contrast to the much defined temporal-spatial Slc23a1 expression in the murine 251 kidney, Slc23a2 is found in moderate levels and relative uniform distribution pattern, 252 consistent with expression by stromal fibroblasts (Chin et al. 1997) . Slc23a2 is undetectable 253 in the proximal convoluted and straight tubule, ruling out any role in renal ascorbic acidD r a f t 13 reabsorption, and confirming the notion that Slc23a2 is responsible for ascorbic acid 255 distribution into metabolically active stromal cells (Sotiriou et al. 2002) . 
